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CN ' Abstract 

o: 

CN . We analyze in detail a specific S-dimensional realization of a 'brane-uni verse' 

,__! . scenario where the visible and hidden sectors are localized on spatially sepa- 

0^ . rated 3-branes coupled only by supergravity, with supersymmetry breaking 

originating in the hidden sector. Although general power counting allows 
order l/Mpi^^^^^^ contact terms between the two sectors in the 4-dimensional 



Q-i. theory from exchange of supergravity Kaluza-Klein modes, we show that 

^ , they are not present by carefully matching to the 5-dimensional theory. We 

also find that the radius modulus corresponding to the size of the com- 
^ ! pactified dimension must be stabilized by additional dynamics in order to 

avoid run-away behavior after supersymmetry breaking and to understand 
the communication of supersymmetry breaking. We stabilize the radius by 
adding two pure Yang-Mills sectors, one in the bulk and the other localized 
on a brane. Gaugino condensation in the 4-dimensional effective theory 
generates a superpotential that can naturally fix the radius at a sufficiently 
large value that supersymmetry breaking is communicated dominantly by 
the recently-discovered mechanism of anomaly mediation. The mass of the 
radius modulus is large compared to m3/2- The stabilization mechanism 
requires only parameters of order one at the fundamental scale, with no 
fine-tuning except for the cosmo logical constant. 
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1 Introduction 

Supersymmetry (SUSY) breaking communicated by supergravity (SUGRA) is a very 
natural and attractive solution to the hierarchy problem. In its usual incarnation, this 
mechanism requires only a hidden sector that breaks SUSY, and the presence in the 
effective theory below the Planck scale of the following higher-dimension operators 
connecting the hidden and visible sector fields: 



Ces ~ Jd'e -^ StS [Q^Q + {H^H, + h.c.) 



:i.l) 



Here, M4 is the 4-dimensional Planck scale, S is a field in the hidden sector with 
(-^s) 7^ 0, Q is a matter field in the visible sector, Hu,d are Higgs fields, and Wa is 
a field strength for the standard model gauge group. This simple setup generates all 
required soft SUSY breaking terms of order {F^) /M^^ ~ ""^3/2 (including the /i term 

i)- 

The main drawback of this scenario is that it does not explain why the squark 
masses generated from the term /d^^E^EQ^Q approximately conserve flavor, as re- 
quired to avoid excessive flavor- changing neutral currents. Ref. proposed an ele- 
gant solution to this problem in the context of higher- dimensional theories. It was 
pointed out that if the visible and hidden sectors are localized on spatially sepa- 
rated '3-branes', then contact terms of the form Eq. ( |1 . 1| ) can be suppressed even 
though they are not forbidden by any symmetry of the low-energy theory. This can 
be easily understood by focusing on the effective D-dimensional theory (-D4) below 
the string scale M, but above the compactification scale 1/r. If the hidden and vis- 
ible branes are separated by a distance of order r, then the contribution from the 
exchange of bulk fields of mass M ^ 1/r is suppressed by the Yukawa factor e''^^^. 
We also expect the contributions of extended objects with string-scale tensions to be 
exponentially suppressed by e"*^*". We see that stringy physics generates only expo- 
nentially small contact terms in the D-dimensional effective theory. When we match 
the D-dimensional theory to the 4-dimensional low-energy effective theory, a more 
careful analysis is required to show that the exchange of supergravity Kaluza-Klein 
(KK) excitations does not lead to contact Kahler terms of order 1/M|. We perform 
this analysis for a specific model in this paper, with the result that no such terms are 
generated. Thus, all of the effective interactions of the form of Eq. ( p..l|) are highly 
suppressed, and SUSY breaking must be communicated in a different way. 



Ref. further argued that, given this suppression of the terms in Eq. ( |1.1|) , the 



leading contribution to SUSY breaking in the visible sector arises at loop level, and is 
directly related to the conformal anomaly. This mechanism applied to gaugino masses 
and A terms was independently discovered in Ref . , which also gave a detailed dis- 
cussion of the exactness of the result. In this 'anomaly- mediated supersymmetry 
breaking' (AMSB) scenario, all soft SUSY breaking parameters are completely pre- 
dicted up to an overall scale by anomalous dimensions and conserve flavor to a high 
degree. This leads to interesting testable predictions for the gaugino masses [^, H Q. 
Unfortunately, the slepton mass-squared terms are predicted to be negative if the 
visible sector is the minimal supersymmetric standard model. There are have been 
several suggestions in the literature for natural solutions to this problem [^j. 

In this paper we investigate the basic features of the AMSB scenario in detail 
in a specific 5-dimensional effective field theory. The theory consists of minimal 5- 
dimensional SUGRA compactified on a S^ /Z2 orbifold. The two (3 + l)-dimensional 
boundaries of this space corresponding to the orbifold fixed-points serve as the '3- 
branes' on which the hidden and visible sectors are localized. The higher SUSY of 
the 5-dimensional theory is broken explicitly down to A/" = 1 in 4 dimensions by 
the orbifold projection. This setup is very similar to the five-dimensional effective 
theory arising from heterotic M-theory after Calabi-Yau compactification of six of 
the eleven dimensions P, ^ ^, 0, but our field content is the minimal one required 
for consistency of the five-dimensional effective theory. In particular, the Calabi-Yau 
moduli do not appear as light fields in our five- dimensional model. This accounts 
for the substantial differences between AMSB and other analyses of supersymmetry 
breaking in the heterotic M-theory scenario. We defer consideration of non-minimal 
field content for later work. Our final result is that anomaly mediation is the leading 
source of SUSY breaking in the visible sector if the radius is sufficiently large, but 
it is crucial to take into account the dynamics of the radius of the compactified 
dimension. While our analysis is limited to a specific 5-dimensional theory with a 
particular mechanism for stabilizing the radius, we believe that these features are 
more general. 

Starting with the 5-dimensional theory described above, we construct the 4- 
dimensional effective theory below the compactification scale to analyze SUSY break- 
ing. As already mentioned, a crucial feature of the effective theory is the presence 
of a radius modulus corresponding to the size of the compactified dimension. In 
particular, if this modulus is not stabilized we will show that its equations of mo- 
tion set to zero the supersymmetry breaking order parameter for AMSB, namely the 
four-dimensional SUGRA auxiliary scalar. This agrees with a direct five dimensional 
SUGRA analysis, where there are no bulk fields which can transmit the effect of such 



an order parameter to the visible sector. This naturally raises doubts as to whether 
AMSB occurs in this scenario 0. A related issue is the fact that the radius modulus 
must be stabilized in order to cancel the cosmological constant in the presence of 
SUSY breaking. We show that if the bare bulk cosmological constant is zero, there is 
no potential for the radius modulus, but the low-energy cosmological constant cannot 
be cancelled. In the presence of a bulk cosmological constant, SUSY breaking gives 
this modulus a runaway potential. 

The picture changes completely when a stablization mechanism is introduced for 
the radius. We propose a stabilization mechanism for the radius modulus that relies 
entirely on gaugino condensation and SUSY breaking. The mechanism requires two 
super- Yang-Mills (SYM) sectors, one in the bulk and one localized on a 3-brane, as 
well as a SUSY breaking sector localized on the hidden 3-brane. Upon matching to the 
4-dimensional theory, the bulk SYM sector gives rise to a 4-dimensional SYM sector 
with a gauge coupling that depends on the radius r. This gives rise to an r-dependent 
gaugino condensate which, together with the brane-localized gaugino condensate, 
gives a stabilizing potential for the radius modulus.Q The radius is naturally large 
compared M5 if the condensation scale of the 3-brane super- Yang-Mills sector Abdy 
is small compared to M5. The radius depends only logarithmically on Abdy, we can 
obtain a sufficiently large radius for anomaly mediation to dominate if the theory 
is strongly coupled near the scale Ms.Q Since the condensation scale of the 3-brane 
super- Yang-Mills sector is naturally exponentially small compared to the fundamental 
scale, this mechanism does not require the introduction of small parameters at the 
fundamental scale. SUSY breaking (and fine-tuning) is required to cancel the net low- 
energy cosmological constant. The mass of the radius modulus is large compared to 
m3/2, and the effective theory below this scale is of the 'sequestered' form proposed 
in Ref. P|. The general lesson we draw from this is that AMSB works provided 
that moduli are stabilized. Our stabilization is similar in spirit to the racetrack 
mechanism [0, but it does not require large gauge groups and our results follow 



from a completely systematic effective field theory analysis. 

This paper is organized as follows. In Section 2 we describe the 5-dimensional 
model and carry out the matching to the 4-dimensional effective theory. We show 



^A similar mechanism can be used to stabilize the radius in non-supersymmetric theories [ |lO| . 
This may be interesting for solutions of the hierarchy problem involving extra dimensions that are 
only slightly larger than the fundamental scale [[ll[ . 

^It is interesting that even for strong coupling, this mechanism gives a radius that is naturally 
close to the scale where bulk gravitational loops give a contribution to soft masses comparable to 
the contributions of anomaly mediation. We will not pursue this possibility here. 



that there are no 0(1/M|) contact terms between the hidden and visible sectors, and 
that the cosniological constant cannot be cancelled in the absence of a mechanism 
for radius stabilization. In Section 3, we show how gaugino condensation can fix the 
radius, and show that anomaly mediation works in this scenario. Section 4 contains 
our conclusions. 

2 Prom 5 to 4 Dimensions 

2.1 The 5 -dimensional Model 

We consider minimal (ungauged) 5-dimensional SUGRA compactified on a S^ / Z2 
orbifold with matter and gauge fields localized on the two orbifold boundaries. This 
system is relatively simple to study because the orbifold projection explicitly breaks 
the supersymmetry of the 5-dimensional theory (8 real supercharges) down to A/" = 1 
in 4 dimensions (4 real supercharges). 



The on-shell lagrangian for the bosonic fields of 5-dimensional SUGRA is 113 

-^SUGRA.S = —M^ 



gi5) (17^(5) + li/AfiVi:^ 



MN 



+ -^e^^^^^^BMHNpHQR + fermion terms 
6v6 



(2.1) 



where M,N, . . . = 0, . . . , 3, 5, are 5-dimensional spacetime indices, and Hmn = 
OmBn — OmBjsi is the field strength for the graviphoton Em- Under the Z2 par- 
ity, the fields transform as 0(x^) ^— *> ±0(— x^), where the parity assignments of the 
bosonic fields are given in Table 1. The orbifold projection keeps only those field 
configurations that are even under Z2. 

We assume that there are fields localized on the orbifold boundaries, so these must 
be coupled to SUGRA. The lagrangian has the form 

C-^ = >CsuGRA,5 + S{x'^)C,is + S{x' - 7rr)/:hid. (2.2) 

We will not need the details of the bulk-boundary couplings in C^^s and Chid, but it 
is important for us to know that such couplings exist and preserve Af = 1 SUSY. As 



shown in Ref. flj] for 5-dimensional gauge- and hypermultiplets, the couplings of bulk 
and boundary fields can be worked out in a straightforward fashion if the auxiliary 
fields of the bulk theory are known. Building on earlier work |jl5|, an explicit off-shell 



formulation for 5-dimensional SUGRA was recently given by Zucker [|T6l. Following 



Ref. [14], one first decomposes the 5-dimensional SUGRA multiplet into off-shell 



Field 


Z2 Parity 


9tiu 


+ 


^5m 


— 


^55 


+ 


B, 


— 


B, 


+ 



Table 1. Bosonic fields of 5-dimensional SUGRA with their Z2 parity 
assignments. The parity assignments of the graviphoton fields are fixed 
by the the Chern-Simons term. 

multiplets of the unbroken 4-dimensional A/" = 1 SUSY. In addition to the A/" = 1 
SUGRA multiplet, this yields two vector multiplets (with vector fields (75^ and B^) 
with odd orbifold parity, and one chiral multiplet (with real scalar fields (755 and -B5) 
with even parity. It should then be possible to couple these multiplets to A/" = 1 fields 
localized on the boundaries using the usual A^ = 1 superfield calculus. 

2.2 Matching to 4 Dimensions 

We now consider integrating out the KK modes of the 5-dimensional SUGRA mul- 
tiplet at the scale r to obtain a 4-dimensional effective theory. We are interested in 
effects of order 1/M| ~ l/(rM|), which means that we can restrict attention to tree- 
level effects in the SUGRA fields. (In the normalization of the SUGRA fields given in 
Eq. ( |2.1D , the propagator for all bosonic SUGRA fields is of order 1/M|.) There are 
SUGRA loop effects suppressed by additional powers of l/{M^rY ~ l/i^M^r)^. For 
some values of r these effects could be interesting [Q. Here we will simply assume 
that r is sufficiently large that these loop effects can be neglected. The matching of 
the SUGRA fields at tree-level is performed simply by using the metric 

ds"^ = g^u{x)dx^dx'' + r'^{x)dd'^, (2.3) 

where d G [0, vr] is a coordinate for the compact dimension, and g^y{x), r{x) param- 
eterize the massless metric and radius modulus fields. (We are implicitly expanding 
about a flat metric, so the zero-mass KK modes are independent of i).) Ignoring 
the boundary fields for the moment, the bosonic terms in the 4-dimensional effective 
theory are 



£4 = -2nMiJ-g(^) 



7e(4) + d^B^d^B^ 
2 2r 



(2.4) 



Note that there is no explicit kinetic term for the radius modulus. After an r- 
dependent Weyl rescaling of the metric, a kinetic term for the radius modulus is 



generated (with the correct sign). The couphngs of the radius modulus to boundary 
fields is very different in the two bases. Before Weyl rescaling, there are no couplings 
of r to boundary fields at leading order in the low-energy expansion. This is because 
r arises from fiuctuations of (755, which by general covariance can only couple to the 
55 component of the matter stress tensor. This component vanishes for matter con- 
fined to 3-branes, at leading order in I/M5. At higher order in derivatives and I/M5, 
we can write terms containing the curvature tensor that depend on derivatives of r 
but these will be a small correction. In the rescaled basis the radius modulus has 
non- derivative couplings to fields localized on the branes. 

Eq. (p.4|) is to be matched to the most general lagrangian describing 4-dimensional 



SUGRA coupled to a modulus T. Using the superconformal approach to SUGRA [|T7 
this can be written as 

CsvGRAA = Jd'0 4>^^f{TlT). (2.5) 

where 

= 1 + e'^F^ (2.6) 



is the conformal compensator. We do not include a superpotential in Eq. ( |2.5| ) because 
T has no potential in this approximation. (Recall that we are not including a bulk 
cosmo logical constant.) After integrating out the auxiliary fields, the bosonic terms 
of Eq. (^) are 



'CsUGRA,4 = V -5'^^^ 



Ifn^'^ - jjifrd'-T - h.c.){fTd,T - h.c.) 

(2.7) 
— frp'fj-d^T'^d^T + fermion terms 

where /r = df /dT, etc. An important point is that Eq. ( pl7|) must be matched to 
Eq. ( |2.4D without Weyl rescaling. The reason is that if boundary fields are included, 
the theory expressed in terms of the Weyl-rescaled metric contains only non-derivative 
couplings to the radius modulus. Kahler terms involving both T and boundary terms 
necessarily contain derivative interactions of T, the only consistent way to match is 
if the Kahler terms are T-independent. Eq. (|2.4|) then shows that there is an explicit 
kinetic term for only one of the real scalar fields in T, so we must have /tit = 0. 
This implies that / is the sum of a holomorphic plus antiholomorphic function, so we 
can make a field redefinition so that / = —M^ ■ {T + T'^). Writing T = Ti + zT2, we 
have 

^SUGRA,4 = -Ml jd^e ct>^ (T + Tt) (2.8) 



= -M'l^j-gi^) [— 7^(^) + —d^T2d^T2 + fermion terms] . (2.9) 
L 3 2Ti J 

Comparing this with Eq. ( |2.4|) , we can identify 

Re(T) = Svrr, Im(T) = Vq-kB^. (2.10) 



Eq. ( p.8| ) has the 'no-scale' form considered long ago [T^ . The essential new ingredient 
in the present case is that the no-scale form is stable under radiative corrections 
because the cutoff of the 4-dimensional theory is of order 1/r <^ M4. 

We now consider the fields localized on the orbifold boundaries. We are particu- 
larly interested in contact interactions between the hidden and visible sectors. The 
only contact interaction of order 1/M| in the 4-dimensional effective theory that is 
not forbidden by symmetries is 



^ jd'e (StS)(Qtg) = _i_(^^^Q)(^^^Q) + . . . (2.11) 



where we have explicitly shown the 4-fermion component. The only diagrams that 
can contribute to the 4-fermion term in Eq. ( 2.11 ) at order 1/M| consist of tree- level 



exchange of bosonic SUGRA fields. The bulk-boundary couplings cannot involve any 
suppression by I/M5, otherwise the final result will be less than 1/M|. It may appear 
that these conclusions are invalidated by power-divergent loop graphs with a cutoff 
of order M5. However, general renormalization theory tells us that the divergent 
contributions will have the same structure as local terms in the effective field theory, 
and therefore do not give new effects. 

Now, the exchange of Kaluza-Klein excitations of the graviton couple to deriva- 
tives of the fermion fields and therefore cannot yield a term of the form Eq. ( |2.11| ). 
Couplings of the graviphoton to boundary fields are restricted by the orbifold projec- 
tion and graviphoton gauge invariance 

5Bm = dMa, a{-x^) = ~a{x^). (2.12) 

Boundary fields cannot be charged under this symmetry because i?^ vanishes on the 
boundary. The only term consistent with these constraints that can give rise to the 
4-fermion term in Eq. ( |2.11[ ) has the form 



A£5 = Six')H,,Ki:,, + Six' - vrr)iJ5M^h^id (2-13) 

where K'^ is a dimension-3 current constructed from boundary fields; its precise form 
will be determined by matching to the 4-dimensional theory. 



The power-counting argument above shows that Eq. (p.l3|) will give rise to con- 
tact terms of order 1/M| from tree-level exchange of 5^ fields. We can determine 
these terms by integrating out -B^ using its classical equations of motion. Imposing 
periodicity and consistency with the orbifold projection, we obtain 



'^'' - W 



<5(»)A'v''i, + S(y - Trj/fha " 7^(K„. + Km 



2'Kr 



hid; 



(2.14) 



In this computation it was important that we considered the B^ field to be inde- 
pendent of X5, corresponding to the zero- mode (ImT) of the five-dimensional field. 
Substituting back into the lagrangian and integrating over the compact dimension to 
obtain the 4-dimensional effective theory, we obtain the contact terms| 



A/:4 



1 



d^B^{K,,, + K, 



1 



hid J 



-(ir.is + i^hidr(i^vis + i^hid)M- (2.15) 



47rM|r 

We compare this with the contact terms in the 4-dimensional SUGRA with matter 
fields: 



£4 



d''e> 



a. 



-M|(T + Tt) + /,i3 + /i 



hid 



(2.16) 



As argued above, /vis and /hid are independent of T because any dependence would 
imply a coupling of r (and hence (755) to brane fields (without Weyl rescaling). We 
therefore obtain 



Here J^ = Jl 



vis 



£4 



Jt.A with 



1 



2Ti 



d^T^J^ - 



7/' 7 

8M|Ti ^ 



'hid 



J^" 



(2.17) 



(2.18) 



where /% = d"^ f / {d<^\d<^^) , etc. 

Comparing Eqs. (|2.15|) and (|2.17|) and using Eq. ( p.lO|) , we see that matching the 
dfj^B^K^ term requires 

1 



K'' 



Vq 



J". 



(2.19) 



With this identification, the J'^J^ contact terms also match. This matching would be 
spoiled by additional contact terms of the form Eq. ( p.ll| ), so we conclude that these 
operators are absent in the 4-dimensional effective theory. 



^This procedure also gives rise to terms proportional to (5(0) • (i^^is + -^hid) i'^ ^^^ 4-dimensional 
effective theory; these are cancelled by boundary terms proportional to (5(0) in the 5-dimensional 
theory. For a discussion of the origin of these terms, see Refs. 0, 0. 



Putting together the various pieces, the four- dimensional effective theory below 
the compactification scale has the general form, 

£4 = -Ml jd^e 0t0 (T + Tt) + /:hid + -Cvis, (2.20) 

where £hid is made out of only hidden sector and four- dimensional supergravity (off- 
shell) multiplets and £vis is made out of only visible sector and four- dimensional 
supergravity multiplets. Both are independent of the T chiral multiplet. 

2. 3 The Role of the Radius 

We now consider SUSY breaking on the hidden-sector boundary in the theory above. 
We will show that the presence of an unstabilized radius modulus gives rise to severe 
difficulties in this scenario when SUSY is broken in the hidden sector. 

Independently of how SUSY is broken, it is easy to see from Eq. ( |2.2(J| ) that the Ft 
equation of motion sets F^ = 0. This implies that there are no contact terms between 
the visible and hidden sectors in this theory, consistent with the fact that there is no 
propagating bulk scalar field in the SUGRA multiplet that could mediate such terms. 
This makes it rather mysterious how SUSY breaking can be communicated from the 
hidden to the visible sector 0, especially since F^ is the order parameter for AMSB 
in the visible sector p|, ||. 

This feature also gives rise to difficulties in cancelling the cosmological constant. 
SUSY breaking on the hidden-sector boundary gives rise to a nonzero vacuum energy 
independent of the radius modulus T. In generic four-dimensional SUGRA models 
this positive contribution to the cosmological constant can be cancelled by negative 
SUGRA contributions arising from F^ ^ 0, but this mechanism is clearly not available 
here. One can attempt to remedy this by adding a SUSY-preserving five-dimensional 
cosmological constant to the theory. To linear order in the cosmological constant, the 
effect of this is to add a superpotential term linear in T to Eq. ( p. 20 ). The potential 
arising from this theory is now 

V = -^Re{T) + V^,^, (2.21) 

where ^hidO is the vacuum energy from hidden sector SUSY breaking, and kO sets 
the size of the bulk cosmological constant. However, this introduces a new problem, 
namely runaway behavior for the radius modulus.^ We see that we cannot obtain an 

'^When T becomes sufficiently large, the linearized approximation for the efi'ect of a bulk cosmo- 
logical constant is no longer valid. We have checked that including the full non-linear effects does 
not stop the runaway behavior. 



appropriate setting for AMSB without adding new physics to stabihze the modulus. 
We mention that another means of breaking SUSY is to not have a hidden sector 
which breaks SUSY by itself but rather to simply have a constant superpotential on a 
brane (and no bulk cosmological constant). Then one finds that Ft ^ 0, but F^ = 0, 
so SUSY is broken but the cosmological constant vanishes. This is the basic no-scale 
mechanism of SUSY breaking [113. We do not pursue this scenario here because it 



involves the vanishing of the AMSB order parameter F^. 

3 Radius Stabilization 

We now show that the problems found above are solved by dynamically stabilizing the 
modulus. This modulus must be stabilized in any case for phenomenological reasons. 
(The radius modulus must have a mass larger than of order 1 cm~^ to avoid conflict 
with post-Newtonian tests of gravity |1^.) We will focus on a specific mechanism for 
stabilizing the radius modulus that requires only a super- Yang-Mills (SYM) sector 
in the bulk, and another SYM sector on one of the boundaries. We assume that the 
bulk cosmological constant is negligible; this is natural because of the presence of 
bulk SUSY. 

3. 1 Bulk Super- Yang-Mills 

We begin by discussing the bulk SYM sector. At the compactification scale 1/r, this 
theory matches onto a 4-dimensional SYM theory with a gauge coupling that depends 
on r. The scale where the effective 4-dimensional SYM theory becomes strong there- 
fore depends on r, and gaugino condensation generates a dynamical superpotential 
that depends on the modulus T. The fact that the dynamical superpotential for T 
is generated by supersymmetric dynamics rather than induced by SUSY breaking in 
the hidden sector allows the mass of the modulus to be large compared to 7713/2- This 
means that below the scale of the radius modulus, the effective theory has the 'se- 
questered' form discussed in Ref. [0], and the leading contribution to SUSY breaking 
in the visible sector comes from anomaly mediation. 

The bulk SYM multiplet consists of a vector field Am, a real scalar <l>, and a 
symplectic Majorana gaugino A-' (j = 1,2). These fields are taken to transform under 
the orbifold projection as shown in Table 2. The even fields form an A/" = 1 SYM 
multiplet V, while the odd fields form an A/" = 1 chiral multiplet "$. These fields 
can be coupled to the boundary fields using the usual rules for constructing Af = 1 
invariants. (For more details, see Ref. |jl^ 



10 



Field 


Z2 Parity 


A, 


+ 


A, 


— 


$ 


— 


Ai 


+ 


A2 


— 



Table 2. Fields of S-dimensional super- Yang-Mills sector with their 
Z2 parity assignments. 



We assume that the fields on the boundaries are uncharged under the bulk SYM 
sector. However, there are in general higher-dimension operators coupling the bulk 
SYM fields to the boundary fields. Using a normalization of the fields where the 
gauge coupling is factored out of the kinetic terms 



C, 



9l 



tr 



1 

4' 



--F^^FM^ + 9^$aM$ + -- 



(3.1) 



the bulk SYM propagator is proportional to g1 ~ I/M5. Therefore, exchange of SYM 
fields between the boundaries can give rise to contact terms of order 1/M| ~ l/(rM|) 
only if there are boundary couplings of order I/M5. However, it is easy to see that 
no such terms are possible unless there is a singlet S on the boundary, in which case 
we can write 



A£5 = Ky) j(Pe ^Str(W"Wj + h.c. 



(3.2) 



where W" is the field strength of the A/" = 1 SYM field V. (Note that boundary 
couplings involving the M = 1 chiral multiplet \E' are restricted by gauge invariance 
(5\1' = id^a, a{—x^) = +a{x^).) If there are singlets in both the hidden and visible 
sector, this will induce contact terms between them only at the 1-loop level, and the 
presence of two SYM propagators in the leading diagram means that the effects are 
suppressed by I/M5 , and therefore negligible. (The contact terms are Kahler terms 
by f/(l)i? invariance.) We conclude that introducing the bulk SYM sector does not 
introduce new contact terms into the effective 4-dimensional theory. 

We now construct the 4-dimensional effective theory for the bulk SYM sector. 
When we perform the KK decomposition, the odd fields have KK masses starting at 
1/r, and are therefore integrated out. The even fields have a massless zero mode, 
which becomes a 4-dimensional SYM sector in the effective theory. The tree-level 
matching condition for the effective 4-dimensional gauge coupling is 



9l 



2nr 



(3.3) 



11 



Because 5^4 depends on r, gaugino condensation in the effective 4-diniensional SYM 
sector will give rise to a T-dependent dynamical superpotential. 

The T dependence of the dynamical superpotential can be determined exactly 
using holomorphy arguments [^. The holomorphic 4-dimensional gauge coupling 

S = l/{2gl) + ■ ■ ■ is given exactly by 

2T 

5(/i = 1/gl) = ^ + c, (3.4) 

where c is a real constant that parameterizes the scheme dependence. It may appear 
that cancelling large logs requires us to match at a scale fi ~ 1/r: 



? 2T 
¥1 



S{fx = l/T) = ^^ + c. (3.5) 



However, for fj, < 1/r this leads to (for an SU{N) gauge group) 

The logarithmic dependence on T implies that l/gl oc Re(S') depends on Im(T) oc B^. 
But from the 5-dimensional theory we know that B^ is derivatively coupled, so this is 
impossible. It is easy to see that the only way to avoid this contradiction consistent 
with holomorphy is Eq. ( |3.4| ). We have also checked that carefully evaluating the 
threshold corrections due to the infinite tower of SYM KK states also reproduces 
Eq. ( p.4| ) . The dynamical scale of the theory is therefore 

Abuik oc \e-'^^'^/('^^l\ (3.7) 

In order to obtain believable numerical estimates we need to estimate the constant 
of proportionality in Eq. (|3.71 ). This can be done using 'naive dimensional analysis' 
(NDA) [^, ^.0 The principle of NDA is that in a strongly-coupled theory with 
no small parameters, both the fundamental and the effective theory become strongly 
coupled (in the sense that loop corrections are order 1) at the same scale. To estimate 
A, note that NDA implies that if the gauge coupling and the radius are chosen so 
that the fundamental theory is strongly-coupled at a scale Aq, then A ~ Aq. The 
strong-coupling value of the 5-dimensional gauge coupling is 



9l 



rNJ 



strong A^An 



(3.8) 



'NDA is applied to higher-dimension theories with branes in Ref. 
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where £5 = 2An^ is the (inverse of the) 5-dimensional loop counting parameter, and 
we have taken into account the N dependence appropriate for the large A^ limit. The 
strong-coupling value of the radius is where the KK modes have mass of order Aq: 

1 1 

r\ = — Tl ~ — fS 9") 

I strong n I strong a ' V"'"/ 



This implies that the strong-coupling value of the exponential in Eq. ( p.7|) is order 1, 
and we obtain 

Abuik~^e-32'^^^/(^^^i). (3.10) 

Ngi 

The dynamical superpotential generated in the 4-dimensional effective theory is there- 
fore 

Using £5 = 24:71^ and £4 = IGvr^, the dimensionless prefactor is i^/ii = 864??''^ ~ 3x 10^. 
However, this estimate depends sensitively on the value used for £5, and should be 
regarded as very uncertain. Nonetheless, it is clear that the prefactor will be large 
unless NDA is completely misleading.^ 

3.2 Boundary Super- Yang-Mills 

In addition to the bulk SYM sector, we assume that the theory contains a SYM 
sector localized on one of the boundaries. As with the bulk SYM, we assume that 
there are no matter fields charged under the SYM gauge group. If this SYM sector is 
in the hidden sector, there is no danger from flavor- violating higher-dimension contact 
terms. If it is in the visible sector, the lowest-dimension potentially flavor- violating 
operator is is 

A£5 ~ Siy) jd^e -^Q^QtiiW'^Wo) + h.c, (3.12) 

where W^ is the field strength of the boundary SYM multiplet. This gives flavor- 
violating interactions suppressed by (Abdy/Afs)^, where Abdy is the dynamical scale. 
This is negligible for the values of Abdy we will be interested in (see below), and we 
conclude that the boundary SYM sector may be either in the hidden or the visible 
sector. 



^In this connection, it may be worthwhile to point out that exact results obtained in Af = 2 
theories spectacularly confirm the expectations of NDA M . 
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3.3 ^-Dimensional Effective Theory 

Now we are ready to analyze the 4-diniensional effective theory, including all sectors. 
Below the scale 1/r, the 4- dimensional theory consists of 4- dimensional SUGRA and 
the modulus T coupled to the bulk and boundary SYM sectors. In addition, the 
theory contains the visible and hidden sectors, which we do not specify explicitly. We 
now write the effective lagrangian below the scales Abuik and Abdy where the SYM 
sectors become strong, and below the scale of SUSY breaking in the hidden sector. In 
this regime, the only light fields are the SUGRA fields, the modulus T, the Goldstino 
from the SUSY breaking sector, and the visible sector fields. The effective lagrangian 
is 

(3.13) 
+ Use 03 [c + ae-''^] + h.c.) - Hid + ■ ■ ■ . 



Here 



1 



c ~ jK^y (3.14) 

arises from gaugino condensation in the boundary SYM theory (we neglect A^ depen- 
dence in the boundary SYM theory); 



3 S97r2 

--^^"^ (3.15) 



arise from gaugino condensation in the bulk SYM theory; and \4iid > is the vacuum 
energy generated by the SUSY breaking sector. We have chosen not to add a 5- 
dimensional cosmological constant. The constant c can be chosen real by a f/(l)i? 
rotation, but a is in general complex. The terms omitted in Eq. (|3.13| ) contain 
the interactions of the visible sector fields and a Goldstino from SUSY breaking in 
the hidden sector (which will eventually become the longitudinal components of the 
massive gravitino). The terms involving the Goldstino can be included using a non- 



linear realization of SUSY coupled to SUGRA |25|, but are not relevant for computing 
the effective potential for T; the same is true for the visible sector interactions. 

The superpotential in ( p.l3| ) is exact, but the Kahler potential contains unknown 
0{1/M^) corrections from loop corrections and higher- dimension operators. These 
will be shown to give small corrections below. 

We now turn to the minimization of the scalar potential, neglecting corrections to 
the Kahler potential. The scalar potential obtained from Eq. (p.l3|) is 



V = ^{{3c*bae-'^ + h.c.) + b [6(T + T^) + g] |ape-''(^+^')} + \4id. (3.16) 



Mi 



14 



Note that the first term is proportional to the boundary SYM gaugino condensate. 
Only the first term in Eq. ( p.l6| ) depends on Im(T). Minimizing with respect to 
Im(T), we obtain the effective potential for Ti = Re(T): 

y = -L {-66|a||c|e-''^^ + 26(6Ti + 3)\a\^e-^'^^} + V^hid- (3.17) 

The term in brackets is a sum of two different exponentials with opposite signs, the 
negative sign in the first term arising from the minimization with respect to Im(T). 
As Ti ^ oo the first term dominates, and the potential approaches +Vhid from below. 
Provided the second term dominates for small Ti there will be a nontrivial minimum 
with vacuum energy below +Vhid- This means that the parameters can be adjusted 
to give a vanishing cosmo logical constant. 

We look for a minimum with b{Ti) ^ 1. Explicitly carrying out the minimization 
we find that 



,-bm) 



3H _ , N'^LyQl 
2\a\ 



h{T,)e-'^'^^ ^^r^ ^ jr , (3-18) 



where we have neglected terms suppressed by powers of l/(6(Ti)). Note that (Ti) 
can be made arbitrarily large by making Abdy small compared to l/g"^- (The loop 
suppression factors also tend to increase (Ti).) The vacuum energy at the minimum 
is 



3|c 



2 



(^)^-^ + ^hid, (3.19) 

where M^ = M^Tcr. The fact that the first term is negative allows us to choose the 
parameters to fine-tune the cosmological constant to zero. 

Because the superpotential has non-trivial T dependence, the Ft equation of mo- 
tion no longer sets F^ = 0. Instead we have 

(F^) ^ li- (3.20) 



Mi 



SUSY is broken, and the gravitino mass is 



'""= ~ S ~ i|- <'^''' 



so that {F^) ~ 1713/2. 

The mass of the radius modulus is computed from 



{V") - ^, (3.22) 
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where the primes denote differentiation with respect to Ti. The kinetic term for 
Ti arises from mixing with the metric; it can be made manifest by making a Ti- 
dependent Weyl transformation. This gives a kinetic term ~ M^[dTi)'^/T^, and the 
physical mass of the radius modulus is 

ml ~ ^(^)'- (3-23) 

It is easy to see that the other real scalar and the fermion component of T also get a 
mass of this order. Comparing with Eq. (|3.21| ), we see that 



777 

—^ ~ b{r) > 1. (3.24) 

Since the modulus is heavy we can integrate it out of our effective theory. The dif- 
ferent component fields in T have mass differences of order rrir, so this is not an 
approximately supersymmetric threshold; also it is easy to see that Ft does not 
vanish ((-Ft) ~ ('")(-^0))- However, T couples to visible sector only through higher- 
dimension derivative interactions (recall that the modulus is the zero-mode of the 
five-dimensional graviton polarized transverse to the branes), so this does not give 
a contribution to SUSY breaking in the visible sector at order 1/M|. We conclude 
that at order 1/M|, the effective theory below the modulus mass is precisely the 
'sequestered form' proposed in Ref. 0: the visible sector is coupled only to a geo- 
metrically fiat four-dimensional SUGRA background with broken SUSY (F^ 7^ 0). 

We now return to the question of the corrections to the Kahler potential in 
Eq. ( |3.13| ). The Kahler potential contains unknown 0{1/Mf) corrections from loop 
corrections and higher- dimension operators, and one might worry that these are more 
important than the exponentially (in T) suppressed effects in the superpotential. This 
does not occur because the potential vanishes in the limit where the superpotential 
vanishes, so the Kahler corrections enter multiplicatively. This ensures the stability 
of the results above, in that the Kahler corrections to the modulus potential are of 
order l/lrM^) smaller than the leading potential we computed. 

We now show that this scenario for radius stabilization can give rise to a sufficiently 
large radius without introducing small numbers or fine tuning. From Eq. ( |3.18| ), the 
stabilized value of the radius is 

Because the radius depends logarithmically on the fundamental parameters, we can- 
not obtain hierarchies of many orders of magnitude. In fact, because of the factor 
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1/^5 ~ 10 '^ multiplying the logarithm in Eq. (|3.25| ), the bulk SYM gauge coupling 
g^ must be large, and the fundamental theory must be close to strongly coupling. 

The simplest assumption is that both gravity and the bulk SYM sector become 
strong at a single scale Aq. NDA gives Aq ~ [d^Y^^M^ ~ IOM5, and we will take 
this scale to be the fundamental scale of the theory {e.g. the scale of string/M-theory 
excited states). Using the NDA estimates for Aq and g1, we obtain 

rr^^\n(J^\. (3.26) 

Using (F^) ~ 100 TeV and l^Mj ~ l^M^r, we obtain (for A^ = 2) 

30 

r ~ — , Ao ~ 2 X 10^^ GeV. (3.27) 

Ao 

This is sufficient to suppress FCNC effects from massive string states, but bulk grav- 
itational loops give contact terms suppressed by 

111 ^ . ^ 

4 X 10"^ (3.28) 



This gives a contribution to soft scalar mass-squared terms of order (F^)"^ / (Aqv)^ ~ 
(600 GeV)^, which is comparable to the contribution from anomaly mediation! It 
is interesting that this mechanism for radius stabilization can naturally stabilize the 
radius at a value where loop effects are important. This may give a solution to the 
problem of negative slepton masses, but we will not pursue this point here. 

Another possibility is that the bulk SYM sector becomes strong at a scale Agauge 
that is smaller than the scale Agrav Here, Agauge is a fundamental scale of new strong 
physics, while Agrav is not directly a physical scale, but corresponds to a weak gravita- 
tional coupling at the fundamental scale Agauge- This occurs naturally if the gauge in- 
teractions propagate in fewer dimensions than gravity in the fundamental theory. For 
Agauge/Agrav ~ jq, wc obtain rAgrav ~ 160. This is sufficient to suppress gravitational 
loop effects, and also suppresses flavor-changing contributions from string/M-theory 
states at the scale Agauge- We have also checked that the contact terms from bulk 
gauge fields are negligible. These estimates are quite rough, but we conclude that 
it is very plausible that this mechanism can give a sufficiently large radius so that 
anomaly mediation dominates. 

4 Conclusions 

We have studied a five-dimensional model with brane-localized visible and hidden 
sectors localized on '3-branes' and shown that when the compactification radius is 
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properly stabilized, the transmission of supersymmetry breaking to the visible sec- 
tor proceeds by the mechanism of anomaly-mediation. Although the radius modulus 
participates strongly in the supersymmetry breaking, it does not contribute to soft 
visible sector masses at order 1/M| because it does not directly couple to the vis- 
ible brane. The stabilization mechanism for the radius modulus employed in this 
paper is very simple, involving gaugino condensates in the bulk and on a brane. 
The bulk gauge fields do not give additional contributions to visible soft masses due 
to the constraints of gauge invariance. The advantage of this mechanism is that it 
gives a non-perturbative superpotential for the modulus arising from field-theoretic 
mechanisms that are under theoretical control. It is also possible that that such a 
superpotential could also arise from non-perturbative string/M-theory effects due to 
extended states. 

This work is evidence that anomaly-mediated supersymmetry breaking gives a 
model-independent contribution to soft supersymmetry breaking in the visible sector 
at order 1/M| in any model with SUSY breaking on a hidden-sector brane, and stabi- 
lized moduli. If there are no additional light bulk fields that give a larger contribution, 
anomaly-mediation dominates, giving a natural solution to the supersymmetric flavor 
problem as well as potentially testable predictions. These features can be upset by 
the presence of additional bulk fields with significant couplings to the visible sector .[] 
Knowledge of the true string theory vacuum, or experiment, is required to find out if 
such light non-minimal bulk fields are present. 
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